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Abstract
The cross section of the process e+e− → Ze+e− is measured with 0.7 fb−1 of data collected with the L3 detector at LEP.
Decays of the Z boson into quarks and muons are considered at centre-of-mass energies ranging from 183 GeV up to 209 GeV.
The measurements are found to agree with Standard Model predictions, achieving a precision of about 10% for the hadronic
channel.
 2003 Published by Elsevier Science B.V. Open access under CC BY license.
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The study of gauge boson production in e+e− col-
lisions constitutes one of the main subjects of the
scientific program carried out at LEP. Above the Z
resonance, in addition to the s- and t-channel pair-
production processes, “single” weak gauge bosons can
also be produced via t-channel processes. A common
feature of this single boson production is the emis-
sion of a virtual photon off the incoming electron or
positron. This electron or positron remains in turn al-
most unscattered at very low polar angles and hence
not detected. Particular care has to be paid when pre-
dicting the cross sections of these processes due to the
running of the electromagnetic coupling of the photon
and the peculiarities of the modelling of small angle
scattering. The comparison of these predictions with
experimental data is made more interesting by the fact
that single boson production will constitute a copious
source of bosons at higher-energy e+e− colliders. In
addition, this process constitutes a significant back-
ground for the search of Standard Model Higgs boson
or new particles predicted in physics beyond the Stan-
dard Model. The “single W” production is extensively
studied at LEP [1,2] and this Letter concentrates on
“single Z” production. Results at lower centre-of-mass
energies were previously reported [1,3].
Fig. 1 presents two Feynman diagrams for the
single Z production, followed by the decay of the
Z into a quark–antiquark or a muon–antimuon pair.
A distinctive feature of this process is the photon–
electron scattering, reminiscent of the Compton scat-
tering. These diagrams are only an example of the
48 diagrams contributing to the e+e− → qq¯e+e− and
e+e− → µ+µ−e+e− final state processes. The single
Z signal is defined starting from this full set of dia-
1 Supported by the German Bundesministerium für Bildung,
Wissenschaft, Forschung und Technologie.
2 Supported by the Hungarian OTKA fund under contract Nos.
T019181, F023259 and T037350.
3 Also supported by the Hungarian OTKA fund under contract
No. T026178.
4 Supported also by the Comisión Interministerial de Ciencia y
Tecnología.
5 Also supported by CONICET and Universidad Nacional de La
Plata, CC 67, 1900 La Plata, Argentina.
6 Supported by the National Natural Science Foundation of
China.Fig. 1. Main diagrams contributing to the “single Z” production.
grams. QCD contributions from two-photon physics
with e+e− → qq¯e+e− final state are not considered.
The definition requires the final state fermions to sat-
isfy the kinematical cuts:
mff¯ > 60 GeV, θunscattered < 12
◦,
(1)60◦ < θscattered < 168◦, Escattered > 3.0 GeV,
where mff¯ refers to the invariant mass of the produced
quark–antiquark or muon–antimuon pair, θunscattered
is the polar angle at which the electron7 closest
to the beam line is emitted, θscattered and Escattered
are respectively the polar angle with respect to its
incoming direction and the energy of the electron
scattered at the largest polar angle.
These criteria largely enhance the contribution
of diagrams similar to those in Fig. 1 over the
remaining phase space of the e+e− → qq¯e+e− and
e+e− → µ+µ−e+e− processes and correspond to
predicted cross sections at a centre-of-mass energy√
s = 200 GeV of about 0.6 pb for the hadron channel
and of about 0.04 pb for the muon one. The most
severe backgrounds for the detection of the single
Z production at LEP are the e+e− → qq¯(γ ) and
the e+e− → µ+µ−(γ ) processes, for the hadron and
muon channels, respectively.
7 The word “electron” is used for both electrons and positrons.
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Ze+e− → qq¯e+e− and e+e− → Ze+e− →
µ+µ−e+e− events in the data sample collected by the
L3 detector [4] at LEP and the measurement of the
cross section of these processes.
2. Data and Monte Carlo samples
This analysis is based on 675.5 pb−1 of integrated
luminosity collected at
√
s = 182.7–209.0 GeV. For
the investigation of the e+e− → Ze+e− → qq¯e+e−
channel, this sample is divided into eight different
energy bins whose corresponding average
√
s values
and integrated luminosities are reported in Table 1.
The signal process is modelled with the WPHACT
Monte Carlo program [5]. The GRC4F [6] event
generator is used for systematic checks. Events are
generated in a phase space broader than the one de-
fined by the criteria (1). Those events who do not
satisfy these criteria are considered as background.
The e+e−→ qq¯(γ ), e+e− →µ+µ−(γ ) and e+e−→
τ−τ+(γ ) processes are simulated with the KK2f [7]
Monte Carlo generator, the e+e− → ZZ process with
PYTHIA [8], and the e+e− → W+W− process,
with the exception of the qq¯′eν final state, with KO-
RALW [9]. EXCALIBUR [10] is used to simulate the
qq¯′eν and other four-fermion final states. Hadron and
lepton production in two-photon interactions are mod-
elled with PHOJET [11] and DIAG36 [12], respec-
tively. The generated events are passed through the L3
detector simulation program [13]. Time dependent de-
tector inefficiencies, as monitored during the data tak-
ing period, are also simulated.
3. Event selection
3.1. e+e−→ Ze+e−→ qq¯e+e− channel
The selection of events in the e+e− → Ze+e− →
qq¯e+e− channel proceeds from high multiplicityevents with at least one electron identified in the BGO
electromagnetic calorimeter and in the central tracker
with an energy above 3 GeV. Electron isolation criteria
are applied. These are based on the energy deposition
and track multiplicity around the electron candidate.
To strongly suppress the contribution from the high
cross section background processes, the signal topol-
ogy is enforced requiring events with a reconstructed
invariant mass of the hadronic system, stemming from
a Z boson, between 50 and 130 GeV, a visible en-
ergy of at least 0.40
√
s and a missing momentum, due
to the undetected electron, of at least 0.24
√
s. These
quantities are computed from charged tracks, calori-
metric clusters and possible muons. After these selec-
tion criteria, 1551 events are selected in the full data
sample. From Monte Carlo, 1551 ± 4 events are ex-
pected, out of which 208±1 are signal events, selected
with an efficiency of 54%. Most of the background
arises from the e+e− → qq¯′eν (58%), e+e− → qq¯(γ )
(19%) and e+e−→W+W− (11%) processes.
The particular signature of an electron undetected
at low angle and the other scattered in the detector,
allows to reject a large fraction of the background
by considering two powerful kinematic variables: the
product of the charge, q , of the detected electron and
the cosine of its polar angle measured with respect to
the direction of the incoming electron, cosθ , and the
product of q and the polar angle of the direction of the
missing momentum, cos/θ . Two selection criteria are
applied:
q cosθ >−0.5 and q cos/θ > 0.94.
Distributions of these variables are presented in Fig. 2.
In addition, events are forced into two jets by means
of the DURHAM algorithm [14], and the opening
angle between the two jets in the plane transverse to
the beam direction is required to exceed 150◦. The
selected electrons are not considered when forming
those jets. Background events are further rejected
by tightening the electron isolation criteria. Table 2
summarises the yield of this event selection.Table 1
The average centre-of-mass energies and the corresponding integrated luminosities of the data sample used in this study
√
s [GeV] 182.7 188.6 191.6 195.5 199.5 201.7 204.9 206.6
L [pb−1] 55.1 176.0 29.4 83.0 80.8 36.7 76.6 137.9
78 L3 Collaboration / Physics Letters B 561 (2003) 73–81Fig. 2. Distributions for data, signal and background Monte Carlo of the product of the charge of the detected electron and (a) the cosine of its
polar angle and (b) the cosine of the polar angle of the missing momentum. The arrows show the position of the applied cuts. All other selection
criteria but those on these two variables are applied. Signal events around −1 correspond to charge confusion in the central tracker. The sharp
edge of the signal distribution in (a) at −0.5 follows from the signal definition criterion θscattered > 60◦; moreover, the depletion around ±0.7
in data and Monte Carlo is due to the absence of the BGO calorimeter in this angular region.
Table 2
Yield of the e+e− → Ze+e− → qq¯e+e− event selection at the different centre-of-mass energies
√
s [GeV] ε [%] NData NMC NSign Nqq¯(γ ) Nqq¯′eν Ntwo-phot
182.7 42.3 16 16.0± 0.5 12.0± 0.2 3.2 0.4 0.2
188.6 42.7 53 52.4± 1.2 40.3± 0.6 9.5 0.5 1.0
191.6 43.0 9 8.7± 0.3 6.9± 0.2 1.3 0.0 0.3
195.5 45.0 19 26.5± 0.6 21.2± 0.3 3.6 0.0 1.1
199.5 45.2 18 27.1± 0.7 21.3± 0.3 3.8 0.4 1.2
201.7 44.0 16 12.2± 0.5 9.5± 0.2 1.6 0.3 0.5
204.9 43.3 24 24.6± 0.4 19.9± 0.3 2.9 0.2 1.1
206.6 44.6 47 46.2± 0.7 37.2± 0.6 5.4 0.3 2.2
The signal efficiency, ε, is listed together with the number of observed, NData, and total expected, NMC, events. The expected number of
signal events, NSign, is given together with details of the most important residual backgrounds, respectively indicated with Nqq¯(γ ), Nqq¯′eν and
Ntwo-phot for the processes e+e− → qq¯(γ ), e+e− → qq¯′eν and hadron production in two-photon interactions.3.2. e+e−→ Ze+e−→ µ+µ−e+e− channel
Candidates for the e+e−→ Ze+e−→ µ+µ−e+e−
process are selected by first requiring low multiplic-
ity events with three tracks in the central tracker, cor-
responding to one electron with energy above 3 GeV
and two muons, reconstructed in the muon spectrom-
eter with momenta above 18 GeV. A kinematic fit is
then applied which requires momentum conservation
in the plane transverse to the beam axis. The recon-
structed invariant mass of the two muons should lie
between 55 and 145 GeV. Finally, three additional se-lection criteria are applied:
−0.50< q cosθ < 0.93,
q cos/θ > 0.50 and q cos θZ < 0.40,
where cosθZ is the polar angle of the Z boson as
reconstructed from the two muons. These criteria
select 9 data events and 6.6 ± 0.1 expected events
from signal Monte Carlo with an efficiency of 22%.
Background expectations amount to 1.5± 0.1 events,
coming in equal parts from muon-pair production
in two-photon interactions, the e+e− → µ+µ−(γ )
L3 Collaboration / Physics Letters B 561 (2003) 73–81 79Fig. 3. Distribution of the reconstructed invariant mass of (a) the hadron system and (b) the muon system for data, signal, and background
Monte Carlo events.process, and e+e− → µ+µ−e+e− events generated
with WPHACT that do not pass the signal definition
criteria.
4. Results
Fig. 3(a) presents the distribution of the invariant
mass of the hadronic system after applying all selec-
tion criteria of the e+e− → Ze+e− → qq¯e+e− chan-
nel. A large signal peaking around the mass of the
Z boson is observed. The single Z cross section at
each value of
√
s is determined from a maximum-
likelihood fit to the distribution of this variable. The
results are listed in Table 3, together with the predic-
tions of the WPHACT Monte Carlo. A good agree-
ment is observed.
The invariant mass of muon pairs from the e+e−→
Ze+e− → µ+µ−e+e− selected events is shown in
Fig. 3(b). The cross section of this process is deter-
mined with a fit to the invariant mass distribution, over
the full data sample, as:
σ
(
e+e− → Ze+e− →µ+µ−e+e−)
= 0.043+0.013−0.013 ± 0.003 pb
(
σ SM = 0.044 pb),
where the first uncertainty is statistical and the second
systematic. This measurement agrees with the Stan-
dard Model prediction σ SM reported in parenthesis,Table 3
Measured and expected cross sections for the e+e− → Ze+e− →
qq¯e+e− process at the different centre-of-mass energies
√
s [GeV] σMeasured [pb] σExpected [pb]
182.7 0.51+0.19−0.16 ± 0.03 0.51
188.6 0.54+0.10−0.09 ± 0.03 0.54
191.6 0.60+0.26−0.21 ± 0.04 0.55
195.5 0.40+0.13−0.11 ± 0.02 0.56
199.5 0.33+0.12−0.10 ± 0.02 0.58
201.7 0.81+0.26−0.22 ± 0.05 0.59
204.9 0.55+0.16−0.14 ± 0.03 0.60
206.6 0.59+0.12−0.10 ± 0.03 0.61
The first uncertainties are statistical and the second systematic. Ex-
pectations are calculated with the WPHACT Monte Carlo program.
which is calculated with the WPHACT program as
the luminosity weighted average cross section over the
different centre-of-mass energies.
Several possible sources of systematic uncertainty
are considered and their effects on the measured cross
sections are listed in Table 4. First, detector effects and
the accuracy of the Monte Carlo simulations are inves-
tigated by varying the energy scale of the calorimeters,
the amount of charge confusion in the tracker, visible
for instance in Fig. 2 as the signal enhancement on
the left side, and the selection criteria. The impact of
the signal modelling on the final efficiencies is stud-
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Sources of systematic uncertainties
Source Systematic uncertainty
e+e− → Ze+e− → qq¯e+e− (%) e+e− → Ze+e− → µ+µ−e+e− (%)
Energy scale 2.3 6.3
Charge confusion 0.8 < 0.1
Selection procedure 4.0 1.9
Signal modelling 1.2 < 0.1
Background modelling 1.0 2.9
Background Monte Carlo statistics 2.8 1.8
Signal Monte Carlo statistics 1.6 2.2
Total 5.9 7.7ied by using the GRC4F Monte Carlo program instead
of the WPHACT event generator to derive the signal
efficiencies. The expected cross sections of the back-
ground processes for the e+e− → Ze+e− → qq¯e+e−
channel are varied by 5% for e+e− → qq¯(γ ), 10%
for e+e−→ qq¯′eν, 1% for e+e−→W+W−, and 50%
for hadron production in two-photon interactions. The
cross sections of the background processes for the
e+e−→ Ze+e−→ µ+µ−e+e− channel are varied by
2% for the e+e− → µ+µ−(γ ) channel, 10% for the
WPHACT e+e− → µ+µ−e+e− events that do not
pass the signal definition and 25% for muon-pair pro-
duction in two-photon interactions. Finally, the effects
of the limited background and signal Monte Carlo sta-
tistics are considered. Fig. 4 compares the results of
the measurement of the cross section of the process
e+e− → Ze+e− → qq¯e+e− with both the WPHACT
and the GRC4F predictions. A good agreement is ob-
served. This agreement is quantified by extracting the
ratio R between the measured cross sections σMeasured




= 0.88± 0.08± 0.06,
where the first uncertainty is statistical and the second
systematic.
In conclusion, the process e+e− → Ze+e− has
been observed at LEP for decays of the Z boson
into both hadrons and muons. The measured cross
sections have been compared with the Standard Model
predictions, and were found in agreement with an
experimental accuracy of about 10% for decays of the
Z boson into hadrons.Fig. 4. Measurements of the cross section of the e+e− →
Ze+e− → qq¯e+e− process as a function of the centre-of-mass en-
ergy. The WPHACT predictions are assigned an uncertainty of 5%.
As reference, a line indicates the GRC4F expectations.
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